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Abstract: Recalcitrant compounds limit the efficiency of conventional biological processes for 19 
wastewater treatment, representing one of the major issues in the field. This study focused on the 20 
treatment of three effluents with the White-Rot-Fungus (WRF) Bjerkandera adusta MUT 2295 in batch 21 
tests, with biomass cultivated in attached form on polyurethane foam cubes (PUFs) to test its 22 
efficiency in the removal of target effluents’ recalcitrant fraction. Treatment efficiency of B. adusta 23 
was evaluated on the landfill leachate (Canada) and the two solutions containing synthetic 24 
recalcitrant compounds, which were prepared with tannic and humic acid. Chemical Oxygen 25 
Demand (COD) and color removal, the production of manganese peroxidases and the consumption 26 
of a co-substrate (glucose) were monitored during the experiment. Biological Oxygen Demand 27 
(BOD5) and fungal dry weight were measured at the beginning and at the end of the experiment. 28 
After co-substrate addition, effluents’ COD were 2300 ± 85, 2545 ± 84 and 2580 ± 95 (mg/L) in raw 29 
leachate, tannic and humic acids, respectively. COD removal of 48%, 61%, and 48% was obtained in 30 
raw leachate and in the synthetic solutions containing tannic and humic acids, respectively. Color 31 
removal of 49 %, 25% and 42% was detected in raw leachate and in tannic and humic acid solutions, 32 
respectively. COD and color removals were associated with the increase of fungal dry weight, which 33 
was observed in all the trials. These results encourage the use of the selected fungal strain to remove 34 
tannic acid, while further investigations are required to optimize leachate and humic acid 35 
bioremediation. 36 
Keywords: bioremediation, landfill leachate, recalcitrant compounds, wastewater treatment, white-37 
rot fungi 38 
 39 
1. Introduction 40 
The concept of recalcitrant compounds was introduced to define structurally novel and naturally 41 
occurring compounds resistant to microbial degradation and persistent in the environment for 42 
extended periods [1]. The presence of these compounds have emerged as a major issue in wastewater 43 
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treatment processes since the state-of-the-art technologies for their removal are, in general, complex 44 
and costly [2]. The search for efficient and sustainable technologies led to an increasing interest in 45 
advanced biological processes. 46 
In particular, White-Rot Fungi (WRF) and their extracellular enzymes have been investigated 47 
for the removal of hazardous and recalcitrant pollutants [3]. The efficiency of WRF in degrading 48 
recalcitrant molecules is related with their ability to secrete extracellular enzymes such as lignin 49 
peroxidases (LiP), manganese peroxidases (MnP) or laccases, which are involved in lignin and 50 
lignocellulosic substrates degradation [4]. Compared to the use of bacteria, treatments involving 51 
fungi could be advantageous as it offers an easier degradation of high molecular mass organic 52 
pollutants and a higher rate of COD reduction in several industrial wastewaters [4]. Thus, WRF 53 
potential to depolymerize several compounds, traditionally recalcitrant in conventional wastewater 54 
treatment processes, could be exploited as a preliminary step to allow subsequent bacterial 55 
degradation [5]. Up to date, the use of WRF was effective, at laboratory scale, toward several 56 
xenobiotic, including phenols, dyes, hydrocarbons, textile effluents, pharmaceuticals, waste products 57 
of pulp and paper mill industries, pesticides and insecticides [6]. 58 
Fungal-based approach showed promising results also on landfill leachate, a highly polluted 59 
wastewater, whose decontamination requires innovative and sustainable technologies [2]. Despite 60 
the high variability detectable in landfill leachate chemical composition, in the majority of landfill 61 
leachates a common basal composition can be observed [7]. In particular, according to Ghosh et al. 62 
[7], four main categories of pollutants can be grouped: i), dissolved organic matter, including volatile 63 
fatty acids and more refractory compounds like fulvic-like and humic-like compounds; ii) inorganic 64 
macro components; iii) heavy metals and iv) xenobiotic organic compounds like aromatic 65 
hydrocarbons, phenols and chlorinated aliphatics. Toxic effects of leachate have been reported on 66 
microbes, algae, invertebrates, plants as well as mammals, indicating the environmental risk posed 67 
by the landfill leachates to the ecosystem as a whole, including humans [8]. 68 
At the moment, only a few studies are available in the literature about the use of WRF in landfill 69 
leachate treatment and the majority of them have been performed through batch tests. Ellouze et al. 70 
[4,9] detected COD removal efficiencies of 68%, 79% and 90% for Phanerochaete chrysosporium, 71 
Trametes trogii and Lentinus tigrinus, respectively, with 50% diluted leachate (initial COD: 8000 mg/L), 72 
accompanied by a significant enzyme secretion and a high reduction in the toxicity expressed as 73 
percentage of Vibrio fischeri bioluminescence inhibition (% BI < 20%). Kalčikova et al.[3] reported a 74 
maximum COD removal of 60% using extracellular enzymes obtained from Dichomitus squalens on 75 
50% v/v landfill leachate. Tigini et al. [10] provided evidence of the efficiency of autochthonous and 76 
allochthonous fungal strains in landfill leachate treatment, showing their ability to significantly 77 
reduce its toxicity. The same authors indicated 40% of color removal from landfill leachate, using 78 
Lopharia spadicea MUT 1585. Aswathi et al. [11] reported important COD reductions by inoculating 79 
the enzyme produced by Trichoderma harzianum in solid waste leachate. Furthermore, Ghosh and 80 
Thakur [12] reported considerable contaminant-level reductions achieved with Phanaerochaete sp. 81 
ISTL01 for biosorption of color from landfill leachate. Among the studies related to WRF in the 82 
bioremediation of landfill leachate, only a small percentage have been performed in continuous 83 
systems. Indeed, Saetang and Babel [13] reported 63% color removal, 52% reduction of 5-day-84 
Biological Oxygen Demand (BOD5), and 42% COD removals in continuous experiments with 85 
optimum conditions. Ghosh et al. [14] proposed a combined approach of fungal and bacterial 86 
treatment, using bioreactors. The combined treatment led to 76.9% of COD removal and 45.4% of 87 
decolorisation, under optimized conditions. Furthermore, Bardi et al reported a maximum COD 88 
removal of 63 % using WRF on old landfill leachate, which is characterized by low BOD5/COD (<0.1) 89 
and high concentrations of high refractory humic and fulvic acids. These authors performed 90 
experiments on landfill leachate using bioreactors, in which two co-substrate dosages were applied: 91 
at the beginning of the test and when the performance, in terms of COD removal, was decreasing 92 
[15]. 93 
The potential of WRF has been investigated also on humic acids, which are very complex and 94 
recalcitrant compounds, naturally occurring in landfill leachate. Thanks to their high adsorbing 95 
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abilities, humic acids can bind with other substances, leading to serious co-contamination problems. 96 
As a consequence, the presence of humic acids can negatively affect also the quality of public water 97 
supplies [16]. Batch tests performed on the removal of these compounds using Bjearkandera adusta 98 
showed a full decolorisation of 0.03% humic acids from brown coal and lessive soil, associated with 99 
the secretion of extracellular enzymes, suggesting the presence of a degradative process performed 100 
by the fungus [16]. Furthermore, about 80% of humic acid removal associated with extracellular 101 
enzymatic activity was reached using Trametes versicolor and Phanerochaete chrysosporium on a 102 
synthetic solution prepared with 0.8 % humic acid, through batch tests [17, 18]. The authors indicated 103 
that the observed bioremediation process was due to a combination of biodegradation and 104 
biosorption [17, 18]  105 
Despite the increasing interest toward the use of WRF as a potential bioremediation tool, 106 
processes based on fungal biomass are still poorly applied. Indeed, long-term operations of fungal 107 
bioreactors under non-sterile conditions have been demonstrated to be difficult to maintain [5]. This 108 
is mainly due to bacterial contamination, which results in competition for available organic 109 
substrates, negatively affecting WRF metabolism [19]. At the moment very few is known about the 110 
optimal operating to enhance fungal bioremediation potential, such as fungal needs and responses 111 
to feeding and potential interferences on hyphal growth and fungal metabolism due to mixing or 112 
aeration [20]. This lack of knowledge may limit the scale-up of fungal-based processes. Indeed, 113 
several authors reported low yields or slow processes depending on the design and operation of the 114 
reactor [19].  115 
In this study, the efficiency of Bjerkandera adusta MUT 2295, previously selected for its 116 
decolorisation capability on a sample of landfill leachate from Italy [20], was tested towards three 117 
effluent samples. This fungal strain, already reported as effective in the degradation and 118 
detoxification of textile, tannery and pharmaceutical wastewaters [21, 22], was evaluated, in the 119 
treatment of a raw landfill leachate (Canada) and, for the first time, on two synthetic wastewaters 120 
containing tannic and humic acids, which were selected as components of the recalcitrant fraction of 121 
landfill leachate [23, 24, 25]. In particular, several parameters, including COD and color removals and 122 
MnP activity, were measured in the three effluents to verify whether the selected strain could be 123 
exploited as a bioremediation tool for target effluents’ recalcitrant fraction.  124 
2. Materials and Methods  125 
2.1 Fungal strain 126 
Bjerkandera adusta MUT 2295 was obtained from the Mycotheca Universitatis Taurinensis 127 
Collection (MUT), University of Turin. This fungal strain was selected out of 12 strains due to its 128 
capability to treat raw leachates (Italy). Strain selection was performed through a biodegradation 129 
experiment in which decolorisation potential was used as main criteria, in which B. adusta MUT 2295 130 
was able to remove the color up to 40% and produce MnP [20]. 131 
2.2 Target effluents  132 
The efficiency of the treatment with B. adusta was tested on a raw leachate collected from Brady 133 
Road landfill (Winnipeg, Canada) and two synthetic recalcitrant compound solutions prepared with 134 
tannic acid (1.3 g/L) and humic acid (1.5 g/L). Both compounds were chosen as representatives of 135 
landfill leachate recalcitrant fraction [23, 24, 25]. The solutions were prepared by adding the chemicals 136 
directly into deionized water, without the addition of nutrients nor sterilization. Tannic and humic 137 
acids, used in this study, were of analytical grade and purchased from VWR Canada. 138 
2.3 Fungal cultivation and experimental conditions 139 
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B. adusta was cultured on Malt Extract Agar (MEA, 20 g/L glucose, 20 g/L malt extract, 20 g/L 140 
agar, and 2 g/L peptone) at 25°C for one week (Figure 1a). After the cultivation, B.adusta was 141 
homogenized under aseptic conditions, with sterile saline (9 g/L NaCl) and inoculated into 1 L flasks 142 
containing glucose and yeast extract liquid broth (GLY, 5 g/L glucose, 1.9 g/L yeast extract) and 2 cm3 143 
polyurethane foam cubes (PUF); 1.5 mL of homogenate was added per cube. Flasks were incubated 144 
with agitation (150 rpm) and at room temperature (23 ± 2 C°) for one week, in order to enable the 145 
immobilization of the fungus onto the cubes (Figure 1c). After 7 days, the cubes were removed from 146 
the broth to start the experiment with raw leachate and the two synthetic effluents. In particular, two 147 
immobilized cubes were added to 500 mL flasks containing 160 mL of effluent. Flasks were kept in 148 
agitation (150 rpm) for ten days at room temperature (23 ± 2 C°). Trials were triplicated including the 149 
same number of controls, without fungal inoculum, for a total of 18 flasks. Glucose (1.0 g/L) was 150 
added to the three effluents as fungal co-substrate for growth. The pH was adjusted to 4.5 using 10% 151 
sulphuric acid in raw leachate and humic acid and using NaOH (1.0 N) for tannic acid. All the 152 
chemicals, used to prepare MEA and GLY and to adjust the solutions’ pH, were of analytical grade 153 
and purchased from VWR, Canada. Grab samples for the evaluation of treatments’ efficiency were 154 
collected after the few minutes and after 24, 48, 96, 168 and 240 h from the beginning of the test 155 
 156 
Figure 1. Fungal cultivation (A) and immobilization on PUF (B, C, D). 157 
2.4. Parameters for the evaluation of treatments’ efficiency 158 
Effluent pH was measured using Eutech pH 5+ pH-meter. Glucose was used as co-substrate for 159 
fungal growth and its concentration was measured during the first 3 days of treatment, according to 160 
the reducing sugars protocol [26]. COD removal, decolorisation, MnP activity and BOD5 were used 161 
to evaluate the efficiency of the treatment. All these parameters, except BOD5, were measured after 162 
the few minutes and after 24, 48, 96, 168 and 240 h from the beginning of the test. COD was measured 163 
according to the Standard Methods for Examination of Water and Wastewater 20th edition Section 164 
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5220, Hach Spectrophotometric procedure (spectrophotometer DR2800) [27]. COD removal % was 165 
calculated as follows: 166 
% 𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝐶𝑂𝐷0ℎ − 𝐶𝑂𝐷240ℎ
𝐶𝑂𝐷0ℎ
) ∗ 100 (1) 
BOD5 was measured at the beginning of the test, after glucose addition, and at the end of the 167 
treatment, according to Standard Methods for Examination of Water and Wastewater (SMEW, 20th 168 
Edition) [27].  169 
The decolorisation percentage (DP) in raw leachate and the humic acid solution was 170 
determined spectrophotometrically as the decrease of the spectrum area (the integral of the 171 
absorbance spectrum) in the visible range (380-760 nm) with respect to the unseeded control [21]. 172 
DP calculation is showed in equation 2, in which the term At is the spectrum area of the trials 173 
inoculated with the fungus and the term Ac refers to the spectrum area of the unseeded trials . 174 




The removal of tannic acid solution was monitored spectrophotometrically as the decrease of the 175 
absorbance spectrum area in UV range (200-380 nm) with respect to the unseeded control, with 176 
particular attention to the peaks corresponding to tannic acid (274 nm) and gallic acid (310 nm).  177 
The MnP activity was measured at 25 °C, monitoring the oxidation at 590 nm of 178 
dimethylaminobenzoic acid/3-methyl-2-benzothiazoline hydrazone hydrocloride (DMAB/MBTH), in 179 
0.1 M succinate lactate buffer pH 4.5 [28]. The enzymatic activity was calculated in international Units 180 
(U), where 1 unit is defined as the amount of enzyme that oxidases 1µmole of substrate per minute. 181 
The calculation of MnP activity is showed in equation 3, whose terms can be explained as follows: 182 
 ∆ is the difference between the absorbance at 590 nm of the sample and the one of respective 183 
blank, which was performed without substrate addition; 184 
 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 is the volume (µL) of the sample in the reaction mixture (20 µL), Vmixture is the total 185 
volume of the mixture(100 µL);  186 
 Ɛ590 is the molar extinction coefficient for DMAB and MBTH.(32900 M-1 cm-1)  187 
𝑀𝑛𝑃 𝑈/𝐿 = (
∆ ∗ 1000 ∗ 𝑉𝑠𝑎𝑚𝑝𝑙𝑒
Ɛ590 ∗ 𝑉𝑚𝑖𝑥𝑡𝑢𝑟𝑒
) (3) 
Samples for ammonium nitrogen (NH4+-N), nitrites (NO2- -N) and nitrates (NO3- -N) were previously 188 
filtered, using Whatman Filter Papers Grade 1, and their concentrations were measured via a flow 189 
injection analyzer (Quick Chem 8500, LACHAT Instruments). 190 
The dry weight of fungal biomass was measured before starting the experiment, at the end of 191 
immobilization in GLY, and at the end of the experiment. To discriminate the weight of fungal 192 
biomass inside a cube and the weight of the cube, from each measurement the dry weight of a single 193 
empty cube was subtracted. Empty cube dry weight was calculated as the average among three 194 
replicates. For each flask, two PUFs were used, for a total of two PUFs after the immobilization phase 195 
and 6 PUFs/condition at the end of the experiment. The dry weight was measured after overnight 196 
standing at 65 °C. Dry weight increase was calculated as the difference between the dry weight of 197 
fungal biomass/flask at the end of the experiment and at the end of the immobilization phase.  198 
At the end of the experiment, Total Suspended Solids (TSS) were measured in each flask, 199 
according to Standard Methods for Examination of Water and Wastewater (SMEW, 20th Edition) [27]. 200 
The total biomass was calculated at the end of the experiment as the sum of dry weight increase, 201 
expressed in mg/L, and TSS (mg/L). 202 
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2.5 Statistical analysis 203 
The data of COD and color removals were analyzed with the aid of one-way ANOVA, using 204 
STATISTICA 7.0 (StatSoft, Inc., Tulsa, OK). Variance homogeneity was tested using Levene’s Test. In 205 
case of p<0.05 (Levene Test), ANOVA was performed through Welch’s Test. 206 
3. Results 207 
3.1 Target effluents characterization 208 
Details of the raw leachate chemical characterization were as follows: pH 7.6, COD 1636 ± 84 209 
(mg/L), ammonium nitrogen 704 ± 202 (mg/L), phosphorus 3.36 ± 0.98 (mg/L), BOD5 150 (mg/L), 210 
BOD5/COD ratio 0.091. These characteristics suggest that the landfill leachate used in this study was 211 
old, with high refractory carbon load and high ammonium nitrogen concentration. After glucose 212 
addition, raw leachate COD was 2300 ± 85 (mg/L). Initial COD values of the two synthetic solutions 213 
that simulate raw leachate in terms of organic load, were 1630 ± 9 and 1740 ± 37 (mg/L) before glucose  214 
addition and 2545 ± 84 and 2580 ± 95 (mg/L) after glucose addition in tannic acid and humic acid 215 
solution, respectively. 216 
3.2 pH values 217 
In the trials inoculated with B. adusta, effluents’ pH average value was 5.07 ± 1.03 with a 218 
minimum value of 4.17 and a maximum of 7.78. In the unseeded controls, the average pH value was 219 
4.57 ± 0.45 with minimum value of 4.07 and maximum of 5.34 (Figure 2). These results indicated 220 
higher pH stability in unseeded controls, compared to the trials inoculated with the selected fungal 221 
strain, in which a gradual pH increase could be observed starting from 96 h from the beginning of 222 
the experiment. In particular, in raw leachate trials pH increase from 4.75 ± 0.03 at 48 h to 5.79 ± 0.015 223 
at 96 h, reaching a final value of 7.78 ± 0.04 at the end of the experiment (240 h). In those flasks 224 
containing humic acid, pH rise could be observed only in the last measurement ranging from 4.88 ± 225 
0.20 at 168 h and 6.26 ± 0.54 at 240 h. 226 
 227 
Figure 2. Effluents pH values during the treatment given as the average among trials; error bars 228 
indicate the standard deviations (SD) of the three replicates. 229 
3.3 Glucose consumption and BOD5 removal 230 
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Consumption of glucose, co-substrate for fungal growth, was measured after 3 days from the 231 
beginning of the experiment. As shown in Table 1, in the trials inoculated with B. adusta, average 232 
glucose consumption percentage was 60 ± 5.63, with a minimal consumption of 54 % in tannic acid 233 
trials and a maximum one of 65 % in raw leachate. The results showed 5 % and 12% of glucose 234 
consumption in the controls of humic acid and tannic acid solutions, respectively. On the contrary, 235 
66% of glucose consumption was detected in raw leachate control, suggesting the presence of 236 
autochthonous microorganisms capable of using glucose as carbon source. 237 
In table 1, the results of BOD5 removals in the three effluents at the end of the treatment are 238 
shown. BOD5 removal was complete in raw leachate and 89% and 75% in tannic acid and humic acid 239 
solutions, respectively. In the case of raw leachate, the initial BOD5 value of 150 mg/L was fully 240 
removed, implying the complete removal of leachate biodegradable organic matter and total glucose 241 
consumption. In the two synthetic solutions, 11% and 25% of BOD5 was detected at the end of the 242 
treatment, which is attributable to residual glucose or an eventual increase in the biodegradability 243 
(as BOD5/COD) of the effluents, due to the fungal treatment. Further investigations, such as 244 
respirometric tests, could clarify this point. 245 
 246 
 247 
Table 1. BOD5 concentration in the three effluents at the beginning of the test (after glucose addition), 248 
at the end of the treatment (240 h) and BOD5 removal (%) between 0 and 240 h. Glucose concentration 249 
at the beginning of the test, at 96 h and glucose consumption (%) measured against the different 250 
effluents during the test. Values are given as the average among triplicates. Bars indicated standard 251 
deviations (SD) T: trials inoculated with B.adusta; C; controls. RL: Raw Leachate; TA: Tannic Acid and 252 




























T RL 840 < 40 100 933 293.79 329 6.053 65 
 TA 720 80 89 1140 201.09 527 7.176 54 
 HA 770 190 75 1286 193.78 494 106.85 62 
C RL n.a n.a n.a 974 154.49 336 10.53 66 
 TA n.a n.a n.a 1444 56.28 1265 233.62 12 
 HA n.a n.a n.a 1483 n.a. 1406 66.67 5 
 255 
n.a: data not available. 256 
 257 
3.4 COD removal 258 
COD removal in the three effluents after 10 days from the inoculation of B. adusta MUT 2295 is 259 
reported in Table 2. The results showed COD removals of 48%, in the trials with raw leachate and 260 
humic acid and 61% in those containing tannic acid. 261 
As glucose represented about 36-39% of effluent’s COD, assuming its complete depletion at the 262 
end of the experiment, the detected COD removal percentages were higher than glucose 263 
consumption in all the samples inoculated with B. adusta. A significant difference in the COD values, 264 
between treatments inoculated with B. adusta and the respective unseeded controls was found in the 265 
trials with humic acid (p=0.22, F=7.22) and tannic acid (p ≤ 0.001), respectively. In the case of raw 266 
leachate and humic acid, the data met the assumption of the homogeneity of the variance (Levene’s 267 
Test), with p=0.326 and p=0.148. On the contrary, in the case of tannic acid the assumption of variance 268 
homogeneity was not fulfilled (p=0.006). For this reason the results of tannic acid removal were 269 
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analyzed using the Welch’s Test and achieving p<0.001. The maximum COD removal was achieved 270 
in the trials containing tannic acid, with a final COD value of 992 ± 26.62 mg/L and 61 % of COD 271 
abatement with respect to the initial value, while only 6 % COD removal was found in the respective 272 
unseeded controls (Table 2). Although significant differences between treatments and controls were 273 
detected in both synthetic solutions, the COD removal observed in the trials containing humic acid 274 
and inoculated with B. adusta was presumably due to glucose consumption. The difference in the 275 
COD removal between treatments and controls was 33%, which was lower than the organic load 276 
represented by glucose (37 %). A similar pattern could be observed in raw leachate trials, in which 277 
the percentage of COD removal (48 %) was the same in the treatments, inoculated with B. adusta, and 278 
in the respective unseeded controls.  279 
 280 
Table 2. COD values (mg/L) at the beginning of the experiment (0 h), at the end experiment (240 h) 281 
and COD removal percentage (0-240 h). Values were given as average among triplicates ± SD. 282 
*indicates p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0. 001, one- way ANOVA, difference between the treatment 283 
and the respective unseeded controls. . 284 
 285 
  Beginning (0 h) End of the experiment (240 h) 
 Effluent COD mg/L SD COD mg/L SD 
COD removal 
(%) 
Treatments Raw Leachate 2365 82.82 1185 80.11 48 
 Tannic Acid*** 2545 82.74 992 26.65 61 
 Humic acid* 2580 94.76 1346 27.07 48 
Controls Raw Leachate 2747 451.55 1399 33.62 48 
 Tannic Acid 2780 142.32 2610 185.33 6 
 Humic acid 2758 47.38 2336 424.09 15 
 286 
287 
Figure 3. COD values as mg/L in tannic acid trials during the experiment. Values are given as the 288 
average among triplicates. Bars indicated standard deviations (SD). 289 
3.5 Color removal  290 
As shown in Figure 4a, B. adusta decolorized raw leachate, humic acid and tannic acid solutions 291 
up to 49%, 42% and 25% after one week of treatment, respectively. The results of raw leachate and 292 
humic acid met the assumption of homogeneity of the variance (Levene test), with p=0.101 and 293 
p=0.074 in raw leachate and humic acid, respectively. On the contrary, tannic acid results did not 294 
meet the homogeneity assumption (p=0.006) and were analyzed using Welch’s test. In the case of 295 
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dark colored effluents (raw leachate and humic acid solution), differences in the spectrum area 296 
toward respective unseeded controls were significant after 96 h and highly significant after 168 h of 297 
treatment (Figure 5a, 5b). In particular, in raw leachate p=0.24 (F=8.30) after 96 h and p=0.009 (F=11.54) 298 
after 168h, while in humic acid p=0.04 (F=7.57) after 96 h and p= 0.008 (F=12,38) after 168 h. 299 
 300 
Figure 4. (a) Effluents decolorisation percentages, calculated toward respective unseeded controls, in 301 
one week of treatment. Error bars indicate Standard Deviation (SD). (b) Spectrum area reduction in 302 
raw leachate and humic acid after 168 h and (c) spectrum area reduction in tannic acid after 96 h. 303 
Decolorisation values are given as the average among triplicates with SD (+). Negative values should 304 
be considered as increases in the spectrum area. *indicates p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0. 001 (one-305 
way ANOVA, difference between the treatments trials and the respective unseeded controls). 306 
Water 2017, 9, x FOR PEER REVIEW 10 of 4 
 
In the tannic acid solution, initially almost colorless, after a first increase in the spectrum area 307 
within the first 48 hours from the beginning of the experiment, a reduction up to 25% associated with 308 
highly significant differences toward respective unseeded controls, was observed in the trials 309 
inoculated with B. adusta (Figures 4a, c). Indeed, the spectra of these trials, after 96 h, were 310 
characterized by evident flattening of the shape, compared to the respective unseeded controls for 311 
the same duration. In addition, at 168 h, the spectra of treatment trials showed 33% and 38% 312 
reductions at 310 nm and 260 nm, respectively.  313 
3.6 Enzymatic activities  314 
As shown in Figure 5, MnP activity was detected in all the treatments, confirming that B. adusta 315 
was metabolically active during the experiment. 316 
The maximum value was reached in the tannic acid solution after 72 hours with 8.9 ± 2.3 U/L, in 317 
correspondence to the beginning of spectrum area reduction. In the case of raw leachate, the 318 
maximum value of MnP was 1.92 ± 1.4 U/L, after 72 h from the beginning of the experiment. In the 319 
trials containing humic acid, a maximum MnP value of 5.6 ± 1.5 U/L was found after 120 h from the 320 
beginning of the test  321 
 322 
Figure 5. MnP production during the treatment. Values are given as the average among triplicates + 323 
Standard Deviation (SD). 324 
 325 
3.7 Fungal dry weight and TSS 326 
In Figure 6, the results of fungal dry weight increase and TSS at the end of the experiment are 327 
shown. 328 
At the end of the experiment, the average biomass increase detected in the three effluents was 329 
60 mg/flask ± 3.7, with a maximum value of 64 mg detected in humic acid trials and a minimum value 330 
of 56 mg, detected in the ones containing tannic acid.  331 
The lowest TSS concentration was detected in tannic acid trials with 2.25 ± 0.63 mg/L of TSS, 332 
while 2.35 ± 1.62 mg/L were measured in raw leachate and 10.95 ± 2.05 mg/L in humic acid trials. 333 
The total biomass was 375 mg/L in raw leachate, 353 mg/L in tannic acid and 409 mg/L in humic 334 
acid trials. 335 
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 336 
Figure 6 Circles represent biomass increase as mg/flask. Squares represent TSS as mg/L. All the values 337 
are given as average among triplicates. Bars indicated standard deviations (SD). 338 
4. Discussion 339 
In this study the efficiency of B. adusta MUT 2295, grown on PUFs, was tested toward raw 340 
leachate and two synthetic recalcitrant solutions prepared with tannic and humic acids. Although the 341 
high variability detectable in landfill leachate composition, the chemical characterization of the 342 
leachate used in this study is attributable to a sample of mature and high refractory landfill leachate [3].  343 
The results suggested active fungal metabolism during the whole experiment. In particular, all 344 
the pH values, measured during the tests, were compatible with fungal active metabolism [29]. The 345 
increasing trend of the treatments pH values could indicate that B. adusta buffered the effluents at pH 346 
values as similar as possible to the optimum range for the enzymes involved in the process. It is 347 
known that many enzymes, including peroxidases, have an optimum pH between 5 and 6 [29]. In 348 
addition, Kaushik and Malik [31] have already described WRF buffering capacity. However, 349 
considering that pH increased, at 96 h, only in leachate treatment, a possible decline of B. adusta active 350 
metabolism in leachate trials could not be excluded. It is reasonable to hypothesize that the full co-351 
substrate consumption could have negatively affected the metabolism of the fungus or its capability 352 
to compete with the autochthonous organisms. The same pattern could not be observed in the 353 
synthetic effluents. Indeed, an increase in the pH values of the humic acid treatment was detected 354 
only at the end of the treatment and no important increases were detected in pH values of the tannic 355 
acid treatment (Figure 2b). 356 
Significant (61%) COD removals have been achieved in tannic acid trials. In particular, 357 
considering that COD removal in the trials containing tannic acid and inoculated with B. adusta was 358 
higher than glucose organic load (37 %) and the low COD removals in the respective controls, it is 359 
evident that a degradative process occurred in presence of the selected fungal strain. According to 360 
our knowledge, this is the first report about tannic acid COD removal, achieved using the selected 361 
fungal strain, B. adusta MUT 2295.  362 
On the other hand, the same conclusions could not be drawn for the other two effluents tested 363 
in this study. The results achieved in raw leachate and humic acid suggest that the presence of fungal 364 
biomass could have led to possible degradative processes, which were not detectable through total 365 
COD measurements, such as increases in the biodegradable COD (bCOD) fraction, as previously 366 
reported by other authors for the fungal treatment of industrial effluents [32]. Besides the lack of 367 
evident COD decreases in raw leachate and humic acid trials that are attributable to the presence of 368 
the fungus, different rearrangements of the chemical structures of recalcitrant compounds and 369 
consequent enhancement of their bioavailability for other organisms, which was related to the 370 
treatment with B. adusta, could not be excluded. Since humic acid and tannic acid are considered part 371 
of leachate natural recalcitrant fraction [24, 25], the lack of evident COD decreases, due to a 372 
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degradative process in humic treatment, is in accordance with the pattern observed in raw leachate 373 
trials. The high removal detected in tannic acid trials could be explained considering that tannic acid 374 
is an hydrolysable tannin, which would start degrading in the early phase of leachate lifecycle where 375 
the biodegradable organic matter is also utilized by microorganisms [3]. Since the landfill leachate, 376 
used in this study presents the typical characterization of mature landfill leachate with the low 377 
BOD5/COD ratio [2], it is reasonable to expect that the concentration of refractory condensed tannins 378 
was higher than that of hydrolysable ones. 379 
Color removal was observed in all the effluents treated with B. adusta. However, only in the case 380 
of tannic acid trials, spectrum area reductions were positively related with significant COD removals 381 
Furthermore, in tannic acid trials inoculated with B. adusta MUT 2295 an evident flattening of tannic 382 
acid spectrum occurred, associated with the reduction of the absorbance at 310 and 260 nm, which 383 
indicates the removal of tannic and gallic acids [33]. All these results provided further evidence of 384 
the degradative process activated by B. adusta toward tannic acid. 385 
The color removal observed in the three effluents was not positively associated with high 386 
enzymatic activity. Indeed, limited concentrations of MnP were detected during the experiment. 387 
In the case of tannic acid, this result could be explained considering that other enzymes could 388 
be involved in the degradative process observed during the experiment. Although several enzymes, 389 
including tannases, laccases, and peroxidases, are capable of degrading tannins [33], the observation 390 
of the spectra suggests a possible involvement of tannase. This enzyme catalyze the depolymerisation 391 
of gallotannins producing gallic acid and glucose [33]. Hence, further analyses are needed to clarify 392 
the role of tannase in the observed degradation in tannic acid trials inoculated with B. adusta MUT 2295. 393 
In the case of raw leachate, the maximum value of MnP of 1.92 ± 1.4 U/L was similar to the 394 
activity reported by Kalčikova et al. [3] in 100% mature landfill leachate. Although peroxidases have 395 
been described as the major enzymes involved in the decolorisation of leachate [10], the values 396 
observed were not positively associated with the spectra reduction of 49 %. Our results was in 397 
accordance to those achieved by Anastasi et al. [21], that have reported the lack of relation between 398 
enzymatic activity and color removal. The authors addressed the observed pattern to several possible 399 
reasons, including rapid enzymatic inactivation and presence of enzymatic isoforms with different 400 
substrate affinity. In this case, as suggested by the pH increase at 96 h, a possible decline of B. adusta, 401 
due to other microorganisms’ competition or leachate high toxicity, could explain this result. On the 402 
other hand, further analyses would be necessary to explain the results achieved in raw leachate trials. 403 
Indeed, the low MnP activity observed could be due to the lack of a degradative process in those 404 
trials. According to this hypothesis, the detected COD removal could be explained because of 405 
biosorption of pigments to fungal biomass or, alternatively, by the presence of autochthonous 406 
microorganisms capable of removing a certain amount of recalcitrant compounds from the leachate 407 
itself [21]. 408 
The activity detected in humic acid trials was significantly lower compared to the results 409 
reported by others authors, which performed longer experiments with WRF on humic acid 410 
substances [17, 18 34]. However, considering the increasing trend in MnP activity observed at the end 411 
of our experiment in humic acid trials, further investigations are needed to assess a possible relation 412 
with the detected color removal. 413 
The values of biomass increase were similar to those reported by other authors in similar 414 
conditions. In particular, Saetang and Babel [13] detected a biomass increase between 51 and 66 415 
mg/PUF, using glucose as co-substrate and concentrated leachate. In our study, the increase was 416 
similar in the three effluents, suggesting that the fungus was able to grow in all the tested conditions, 417 
providing further evidence of the versatility of this strain, as reported by Anastasi et al. [21]. 418 
However, the lower values of Standard Deviation (SD) observed in tannic acid trials, compared to 419 
raw leachate and humic acid ones, suggested higher stability of biomass in tannic acid trials, which 420 
could be presumably associated with lower biomass loss from the cubes.  421 
The TSS results provided further evidence of biomass stability in tannic acid trials in which the 422 
lowest TSS concentration was found, associated with a negligible SD. Although TSS could represent 423 
either biomass loss from the cubes or biomass growth that exceeded from the cube surface, 424 
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considering the full pattern of results achieved in tannic acid trials, our understanding is that the 425 
growth was homogeneous among replicates in tannic acid trials and only a negligible biomass loss 426 
occurred during the treatment. On the contrary, considering the full pattern of results in raw leachate 427 
and humic acid, we cannot exclude that, in several cubes, a partial biomass loss occurred.  428 
All the results achieved at the end of the treatment, confirmed the presence of a degradative 429 
process in the tannic acid trials inoculated with B. adusta. In addition, several results, such as 430 
spectrum analyses and the low MnP activity observed, suggested the presence of tannase, which are 431 
continuously needed for diverse industrial purposes, including tannery effluents treatment [35]. 432 
Although other authors [33] described tannic acid degradation by fungi, according to our 433 
understanding, this is the first report about tannic acid degradation by B. adusta MUT 2295. These 434 
preliminary results could represent the first step for continuous experiments on wider scale aiming 435 
at optimizing process performances with the selected fungal strain. 436 
5. Conclusions 437 
Bjerkandera adusta MUT 2295 was metabolically active during the experiment. The treatment 438 
with the selected strain resulted in 49%, 25%, and 42% of color removal in raw leachate, tannic acid 439 
and humic acid, respectively. BOD5 was completely removed in raw leachate, while 89% and 75% of 440 
removal occurred in tannic and humic acid solutions, respectively. In all the trials, biomass increase 441 
equal to 60 ± 3.7 mg/flask in the three effluents was detected at the end of the treatment. This indicates 442 
the ability of the fungus to grow in all the tested conditions while overcoming the recalcitrance of the 443 
chemicals used and its competitive nature against other microorganisms in the raw leachate trials. 444 
In the case of tannic acid, the process is associated with 61% of COD removal and the 445 
quantification of MnP activity, indicating the presence of tannic acid biodegradation in the trials 446 
inoculated with B. adusta. This is the first published record of effective treatment with Bjerkandera 447 
adusta MUT 2295 towards tannic acid. These results encourage the use of the selected fungal strain 448 
toward effluents containing tannic acid, which could be exploited using larger volumes and for 449 
longer durations to discern a deeper understanding of the process. Further investigations could also 450 
assess possible degradative processes in raw leachate and humic acid.  451 
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